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INTRODUCTION
Liquid crystals were discovered by Austrian botanist, F. Reinitzer, when he
observed that cholesteryl benzoate consisted of two distinct melting points/'^ He
noticed that the material changes from the solid crystalline state to a turbid anisotropic
liquid at ca. 149^* and became a clear isotropic liquid at ca. 179*’.
The term “liquid crystalline” represents a number of various states of matter
whose degrees of order lie between the almost perfect long-range order generally
observed in crystals and statistical order observed in ordinary liquids or gases. The
liquid crystalline or mesomorphic state exists when a substance exhibits the optical
properties of a solid and fluidity of a liquid.'^'* Unlike most compounds which melt from
the solid phase to the liquid phase through a single transition, thermotropic liquid crystals
exhibit one or more liquid crystalline phases in an intermediate temperature range before
the isotropic phase. Lyotropic liquid crystals exist when the mesomorphic (ordered)
phases can be observed in solution at critical concentrations.
The liquid crystalline state is characterized by long range orientationally ordered
mesogens, the rigid units, responsible for the liquid crystalline behavior. On the basis of
how the molecules are oriented in the mesophase, three main types of liquid crystalline
phases can be distinguished. These are nematic, smectic and cholesteric phases (Figure




Figure 1. Schematic representation of (a) nematic, (b) smectic, and (c) cholesteric liquid
crystalline phases
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by the orientation of the long axes of their centers ofgravity. In this mesophase, the
molecules are in an almost parallel orientation with freedom of translation and rotation,
especially around the long axis. In the smectic phase, different directions of orientation
of the molecules within the planes exist. The molecules’ centers ofgravity are arranged
in planes with the ability to move in two dimensions on the smectic plane. The different
types of smectic arrangements are distinguished by the types of ordering inside layers and
the variety of the tilted arrangement of the molecules to the layers. In the cholesteric
phase, the molecules are assembled in layers in which their arrangement is similar to the
nematic phase, but in a helical twist with long-range orientational order of the long axis
of the mesogenic molecules.
Bawden and Pirie reported the first polymeric mesophase. They observed that
a solution of tobacco mosaic virus (TMV) formed two phases, one of which was
birefiingent at a critical concentration. Due to properties such as, anisotropy, stiffhess,
high tensile strength and ability to orient in magnetic and electric fields, liquid crystalline
polymers have become a subject of scientific interest in recent years. Undoubtedly, the
most important event contributing to the growth of the study of polymeric liquid crystals
is the development and the subsequent commercialization of high strength fibers from
poly(p-phenylene-l,4-terephthalamide), PPTA, by Dupont de Nemours and Company
(Dupont Kevlar‘S) in the 1970s*'* (Figure 2).
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Figure 2. Schematic representation ofpoly(p-phenylene-l,4-terephthalamide)
Figure 3 shows the general schematic representation of the structure of liquid
crystalline polymers. They are classified as main chain, side chain and a combination of
both the main chain and the side chain. In main chain liquid crystalline polymers,
mesogenic groups are combined into the polymer backbone. In side chain liquid
crystalline polymers, mesogenic groups are pendants on the polymer backbone through
either short or long flexible or semi-flexible spacers.^'*^ The common chemical groups
which result in liquid crystalline phase formations are the mesogen, the rigid ring units,
(mainly phenylene, bicyclooctyl, and naphthyl); the inter-ring linkages, units with the
ability to preferentially exist in the irons conformation, (mainly esters, amides, imides,
and thioesters) and end groups such as, hydroxyls, amines, halides, and esters. Lateral
substituents are placed on the ring nuclei to improve solubility and reduce melting
transitions to allow for easier processing*^’^® (Figure 4).
High performance aromatic heterocyclic liquid crystalline polymers were initially
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synthesized at the Air Force Material Laboratory at Wright Patterson, (AFMLWP).
Significant among these polymers are poly(p-phenylene-2,6-benzobisoxazoles), PBOs,
and poly(benzobisthiazoles), PBTs.*’
High molecular weight PBOs are usually prepared directly by the high
temperature polycondensation of monomers such as, 4,6-diaminoresorcinol
dihydrochloride and terephthaloyl chloride in poly(phosphoric acid), PPA (Figure 5).
Poly(phosphoric acid) acts as both the reaction medium and condensing agent/*'^^
1. Main Chain Liquid Crystalline Polymer
I I 1 —
2. Side Chain Liquid Crystalline Polymer
3. Combination of 1 and 2
Figure 3. Schematic representation of the structure of liquid crystalline polymers
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Figure 5. Synthesis of PBO from 4,6-diaminoresorcinol dihydrochloride and
terephthaloyl chloride
Poly(benzobisoxazoles) belong to the class of rigid-rod aromatic heterocyclic
polymers which exhibit high degree of orientation, high resistance to solvents, high glass
transition temperature (Tg), high modulus, high strength, high thermal and thermo-
oxidative stability and low densities. Poly(benzobisoxazoles) are as tough as Kevlar® but
with higher modulus and better thermal stability. On a specific basis.
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poly(benzobisoxazoles) are stronger and higher in modulus than glass, steel and
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Figure 6. Comparison of mechanical properties of some materials (taken from Krause,
S. J.; Haddock, T. B.; Polymer, 29, 1354 (1988)).
Despite their highly desirable properties, PBOs, particularly the para-catenated
polymers are essentially non-melting and exhibit poor solubility. The low solubilities of
these polymers in organic and inorganic solvents, and their high melting transitions are
due essentially to the rigidity of the aromatic ring systems which result in large van der
Waals forces between individual polymer molecular chains. The polymers are soluble in
strong acids such as, sulfuric acid and methane sulfonic acid, and insoluble in less
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corrosive organic solvents. Thus, suitable low cost fabrication techniques for PBOs are
lacking.^"*’^^ In order to process these polymers into fibers and films, it is necessary that
they be in solution or molten state.
Recently, intense synthetic efforts have been devoted to the development of more
easily melt processed and more soluble liquid crystalline poly(benzobisoxazoles) which
would nevertheless retain the remarkable properties associated with these polymers.^®’^’
This could be achieved through the following approaches often used in combination:
random copolymerization, introduction of kinks or bends into the chain, asymmetric
substitution, and inclusion of randomly spaced flexible chain fragments. However, in
these cases the new “derivatized” polymer represents a compromise, which although can
now be processable, has lower thermal and chemical stability.
These approaches, although meritorous, are also to some extent self defeating,
since two of the advantages of liquid crystalline polymers are the high heat performance
and the solvent resistance. One approach that has been tried on a limited basis is to
prepare liquid crystalline precursor polymers which are more processable, and which can
be transformed to the desired high temperature liquid crystalline polymer afl;er it has been
processed into the desire shape.^*'^® This concept which has gained wide acceptability in
the preparation ofpreceramic polymers, has not been widely explored for the preparation
of intractable organic polymers. Preparation of pre-polyphenylene polymers is one of




Figure 7. Preparation ofpolyphenylene from a precursor polymer
The utilization of the benzene ring to form thermotropic and lyotropic liquid
crystals is well established. ' The linearity, similarity in geometry and polarizability
ofpara substituted benzene (width = 5.0 A)^* and 1,4-disubstituted bicyclo[2.2.2]octane
(width -4.9 leads to the expectation of liquid crystalline properties for polymers
which contain the 1,4-disubstituted bicyclo[2.2.2]octane ring system.^^"^^
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Recently, Polk et al. prepared random copolyesters which form bireffingent fluid
states in the melt from /ra«5-l,4-cyclohexanediol or hydroquinone with
bicyclo[2.2.2]octane-l,4-dicarbonyl chloride and sebacoyl chloride.'*^ Furthermore,
Harruna et al. have demonstrated the formation of thermotropic birefringent fluid in
homopolyesters containing the bicyclo[2.2.2]octyl and bicyclo[2.2.2]oct-2-ene ring
4^^ 44
systems. ’
The objective of this research was to prepare processable polymeric precursors to
articulated PBOs, which can subsequently be converted to the more stable PBOs. This
can be accomplished by making polymers from a diacid which is a precursor to
terephthalic acid, but which can be more readily processed (Figure 8). We utilized the
fact that replacement of the phenyl ring in a polymer system by a 2,5-disubstituted
bicyclo[2.2.2]octyl moiety yields a more soluble and lower melting polymer without
destroying the liquid crystalline properties. Furthermore, pyrolysis of the precursor
polymer should result in aromatization of the l,4-bicyclo[2.2.2]octyl ring system. For
example, Harruna et al.^^ demonstrated that 2,5-disubstituted-l,4-bicyclo[2.2.2]octyl
containing polyamides exhibited lyotropic behavior in N-methyl pyrrolidione and could












Figure 9. Conversion of 2,5-disubstituted bicyclo[2.2.2]octyl containing polyamides




Infrared spectra were obtained on KBr disks with the Nicolet Omnicon FTIR
spectrometer, proton and carbon-13 nuclear magnetic resonance (NMR) spectra were
obtained in deuterated dimethylformamide (DMF), acetone, methylsulfoxide or methanol
with a Bruker WM-250 spectrometer and in the solid state with a Bruker L200
spectrometer equipped with an Aspect 3000 computer in the Fourier transform mode.
Proton and NMR spectra were referred to tetramethylsilane at 0.0 ppm internally and
externally, respectively. Simulated chemical shift assignments were obtained using
the SoftShell carbon-13 module 1.1. Elemental analysis data were provided by Atlantic
Microlab, Inc., Atlanta, GA and Galbraith Laboratories Inc., Knoxville, TN.
Thermogravimetric analysis (TGA) data were determined under nitrogen
atmosphere and in air with the Seiko Scientific Instruments (SSI) TG/DTA220
thermogravimetric analyzer. Opened platinum pans were used as reference and sample
holders with heating rates of 10‘’C/min. Differential scanning calorimetry (DSC)
thermograms were obtained on the Seiko Scientific Instruments (SSI) DSC220
differential scanning calorimeter. Transitions were taken as peak minima (endotherm)
and peak maxima (exotherm). Differential scanning calorimetry thermograms were
recorded using sealed aluminum sample pans and sealed aluminum reference pans.
Visual observations of thermal transitions under cross polarized light were made using
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the Laborlux Pol 12 polarizing optical microscope equipped with a heating stage.
Melting points of the monomers and intermediates were determined using the Melt-temp
capillary melting point apparatus.
Inherent viscosities were measured at 30“ with a calibrated Cannon-Fenske
viscometer at concentrations of 0.5 g/100 mL of precursor polymer in N-methyl pyrroli-
dione (NMP) or methane sulfonic acid (MSA). Solubilities were determined at room
temperature.
Materials and Solutions
The monomers, 3,3’-dihydroxy-4,4’-aminobiphenyl and 2,2’-bis(3-amino-
hydroxyphenyl)hexafluoropropane were commercial products and were purified by
recrystallization fi-om methanol. l,4-Bicyclo[2.2.2]octane-2,5-diol dicarboxylic acid and1.4-bicyclo[2.2.2]octyl-2,5-diethanoate dicarboxylic acid were prepared as outlined
below. Solvents were freshly distilled and stored over molecular sieves. All monomers
were dried and their melting points, FTIR, *H NMR and mass spectra taken.
Monomers Syntheses
Synthesis of 1.4-bicvclor2.2.21octane-2.5-diol dicarboxylic acid. III. 1,4-
Bicyclo[2.2.2]octane-2,5-diol dicarboxylic acid. III, was prepared by the method
reported by Humber et al. with minor modifications.”*® Diethylcyclohexane-l,4-dione-2.5-dicarboxylate (110 g, 0.429 moles) and 60% dispersion of sodium hydride in mineral
oil (56 g, 2.33 moles) were added, alternately in 10 g portions, to ethylene glycol
dimethylether (400 mL) in a thoroughly dried 1000 mL three-necked round bottom flask
equipped with a mechanical stirrer, thermometer and two reflux condensers over 20 min.
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with stirring continuously to yield the disodium salt as a pink suspension. After
spontaneous reflux subsided, the mixture was heated at reflux with stirring for an
additional 1 h. Ethylene glycol dimethylether (ca. 200 mL) was removed from the
mixture by vacuum distillation. 1,2-Dibromoethane (300 mL) was added to the mixture.
The reaction mixture was refluxed with stirring until the pink suspension had disappeared
and a cream suspension was observed, ca. 24 h. The mixture was filtered while still hot
and the salts washed three times with 25 mL (3x25 mL) chloroform. Dry hexane (500
mL) was added to the filtrate to produce l,4-bicyclo[2.2.2]octane dione-2,5-
dicarboxylate, I, (87 g, 81.5% yield), m.p. 107-109“ (lit.'^® 109-110“). Infrared spectrum
(KBr) 1736 (strong, ester C=0); 1722 cm'^ (strong, ketone C=0). Proton NMR
spectrum (methanol-i/4), 1.4 (-CH3 groups); 2.2 (-CH9. bridge methylene groups); 2.4
(CH2, ring methylene); 3.0 ppm (-OCH7.methoxyl group proton). Mass spectrum (70
eV) m/z 282 (m^); 236 (base peak); 209 (m-73, loss of 0=C0C2H5); 136 (m-146 loss of
two 0=C0C2H5). Anal. Calcd for C14H18O6: C, 58.57; H, 6.38. Found: C, 58.33; H,
6.37.
To a stirred solution of I (12 g, 0.046 moles) and glacial acetic acid (50 mL) was
added 48% hydrobromic acid (28 mL) and the mixture was refluxed for 24 h. The
mixture was filtered to give bicyclo[2.2.2]octane-2,5-dione dicarboxylic acid, II, (7.85 g,
81.6% yield). Infrared spectrum (KBr) 1735 (strong, ester C=0); 1702 cm'^ (strong,
ketone C=0). NMR spectrum (methanol-t4), 2.2 (-CH9. bridge methylene proton);
2.4 ppm (-CH?. ring methylene proton); the chemical shift of the acid proton is off scan.
Anal. Calcd for CioHioOe: C, 53.10; H, 4.42. Found C, 53.11; H 4.51.
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l,4-Bicyclo[2.2.2]octane-2,5-diol dicarboxylic acid, III, was formed by the
reduction of II. A stirred mixture of l,4-bicyclo[2.2.2]octane-2,5-dione dicarboxylic
acid, II, (10.0 g, 0.044 moles) and methanol (100 mL) were cooled in an ice-water bath.
Sodium borohydride (6.0 g, 0.158 moles) was added in small portions to the mixture at
o'* and maintained at 0** with stirring for 5 h. The mixture was acidified with cold dilute
1:1 hydrochloric acid, to a pH of 2-3. The mixture was filtered and the filtrate was
concentrated in vacuo to dryness. Acetone (100 mL) was added to the solids, filtered
and concentrated in vacuo to dryness to give l,4-bicyclo[2.2.2]octane-2,5-diol
dicarboxylic acid. III, (6.70 g, 65.9% yield). Infrared spectrum (KBr) 1703 (strong, acid
C=0); 3400 cm’^ (broad -OH stretch). Proton NMR (methanol-c/.^), 2.0 (-CH2, bridge
methylene proton); 2.4 (CH2, ring methylene proton); 3.8 ppm (-OH, alcohol). Anal.
Calcd for CioHnOe: C, 52.20; H, 6.10. Found : C, 52.08 ; H, 6.51.
Synthesis of l.4-bicvclor2.2.21octvl-2.5-diethanoate dicarboxylic acid. IV 1,4-
Bicyclo[2.2.2]octyl-2,5-diethanoate dicarboxylic acid, IV, was prepared by esterification
of III. l,4-Bicyclo[2.2.2]octanediol-2,5-dicarboxylic acid. III, (2.0 g, 0.0086 moles),
acetic anhydride (5 mL) and a catalytic amount of sulfuric acid were placed into a
thoroughly dried 100 mL single-necked round bottom flask and the reaction mixture was
warmed in a warm water bath with constant swirling for 15 min. The mixture was
allowed to cool to room temperature and anhydrous ether (10 mL) was added to the
mixture. The mixture was allowed to stand for ca. 24 h and filtered to produce IV, (1.48
g, 54.21% yield). Infrared spectrum (KBr) 1821 (strong, ester C=0); 1749 (strong, acid
C=0); 2973 cm'^ (-CH stretch). Proton NMR (methanol-c^#), 1.8 (-CH3, ester); 2.1 (-
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CH?. bridge methylene proton); 2.4 ppm (-CH2, ring methylene proton). Mass spectrum
(70 eV) m/z 314 (m^); 181 (base peak); 156 (m -158, loss of two OCOCH3); 224 (m -
90, loss of two COOH); 280 (m-34, loss of 2 OH). Anal. Calcd for Ci4Hi80g: C,
53.50%; H, 5.73%. Found: C, 52.48; H, 5.73%.
Polymers Syntheses
Synthesis of processable precursor polymer Ak polyr(biphenyir3.4-J:3’.4’-J’1bisoxazole-
2.6-diyn'|-2.5-dihydroxyl-1.4-bicyclor2.2.21octylene. A thoroughly dried 100 mL three¬
necked round bottom flask equipped with a mechanical stirrer, a nitrogen inlet tube, a
reflux condenser with calcium chloride drying tube and a thermometer put in place was
flame dried and simultaneously flushed with nitrogen. The flask was allowed to cool to
room temperature and charged with 3,3’-dihydroxy-4,4’-diaminobiphenyl (0.50 g,
0.00428 moles) and poly(phosphoric acid) 50 g. The mixture was maintained at room
temperature under a stream of nitrogen for 24 h and at 60-70° for 34 h, a yellow-green
solution formed. The mixture was stirred rapidly at 110° for 15 min. and charged with
l,4-bicyclo[2.2.2]octane-2,5-diol dicarboxylic acid (0.47 g, 0.00472 mole). III. The
temperature was raised to 110-165° for 5 h and finally 180-200° for 24 h. The turbid
solution was extracted seyeral times with water using the Soxhlet extractor until the
extract was pH neutral. The solid was dried in a yacuum oyen at 100° for 36 h, 0.810 g
of polymer was obtained (conyersion 99.6%).
Synthesis of processable precursor polymer A?. polyr(biphenyir3.4-fif:3’.4’-
cT lbisoxazole-2.6-diym-2.5-diethanoate-1.4-bicyclo[2.2.21 octylene. A thoroughly dried
100 mL three-necked round bottom flask equipped with a nitrogen inlet tube, a
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mechanical stirrer, a reflux condenser with a calcium chloride drying tube and a
thermometer put in place, was flame dried and simultaneously flushed with nitrogen.
The flask was allowed to cool to room temperature and charged with 3,3’-dihydroxy-
4,4’-diaminobiphenyl (0.50 g, 0.00229 moles), and poly(phosphoric acid) 50 g. The
mixture was maintained at room temperature under a nitrogen atmosphere for 24 h and
at 60-70'* for 34 h, a yellow-green solution was formed. The mixture was stirred rapidly
at 110** for 15 min. and charged with l,4-bicyclo[2.2.2]octyl-2,5-diethanoate
dicarboxylic acid, (0.720 g, 0.00229 moles). The temperature was raised to 110-165'*
for 5 h and finally 180-200'* for 24 h. The opaque solution was extracted several times
with water using Soxhlet extractor until the extract was pH neutral. The solid was dried
in a vacuum oven at lOO'* for 36 h, 1.03 g of the polymer obtained (conversion 98.3%).
Synthesis of processable precursor polymer Bt. Dolvr(2.2’-dibenzo-hexafluoropropvl-
r3.4-c/:3’.4’-tf 1bisoxazole-2.6-divni-2.5-dihvdroxvl-1.4-bicvclor2.2.21octvlene. A 100
mL three-necked round bottom flask equipped with mechanical stirrer, a nitrogen inlet
tube, a reflux condenser with calcium chloride drying tube and Avith a thermometer put in
place, was flame dried and simultaneously flush with nitrogen. The flask was allowed to
cool to room temperature and was charged with 2,2’-bis(3-amino-4-
hydroxyphenyl)hexafluoropropane (0.79 g, 0.00217 moles) and poly(phosphoric acid) 50
g. The mixture was maintained at room temperature under a nitrogen atmosphere for 24
h and at 60-70'* for 34 h, a clear solution was observed. The mixture was stirred rapidly
at no** for 15 min. and charged with l,4-bicyclo[2.2.2]octane-2,5-diol-dicarboxylic acid
(0.50 g, 0.00217 moles). III. The temperature was then raised to 110-165'* for 5 h and
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finally to 180-200® for 24 h. The opaque solution was extracted several times with water
using Soxhlet extractor until the extract was pH neutral. The solid was dried in a
vacuum oven at 100® for 36 h, 1.07 g of the polymer was obtained (conversion 98.7%).
Synthesis of processable precursor polymer B?, polvr(2.2’-dibenzo-hexafluoropropvl-
r3.4-J:3’.4’-J’]bisoxazole-2.6-divm-2.5-diethanoate-l.4-bicvclor2.2.21octvlene. A
thoroughly dried three-necked round bottom flask equipped with mechanical stirrer, a
nitrogen inlet tube, a reflux condenser with calcium chloride drying tube and a
thermometer put in place, was flame dried and simultaneously flushed with nitrogen.
The flask was allowed to cool to room temperature and was charged with 2,2’-bis(3-
amino-4-hydroxyphenyl)hexafluoropropane (0.50 g, 0.00198 moles) and
poly(phosphoric acid) 50 g. The mixture was maintained at room temperature under a
nitrogen atmosphere for 24 h and at 60-70® for 34 h, a clear solution was observed. The
mixture was stirred rapidly at 110® for 15 min. and charged with l,4-bicyclo[2.2.2]octyl-
2,5-diethanote dicarboxylic acid, (0.623 g, 0.00198 moles). The temperature was
maintained at 110-165® for 5 h and finally at 180-200® for 24 h. The dark brown
solution was extracted several times with water using Soxhlet extractor until the the
extract was pH neutral. The solid was dried in a vacuum oven at 100® for 36 h, 0.97 g of




The synthetic routes leading to the monomers, l,4-bicyclo[2.2.2]octane-2,5-diol
dicarboxylic acid. III, and l,4-bicyclo[2.2.2]octyI-2,5-diethanoate dicarboxylic acid, IV,
are outlined in Scheme I. Compound I was formed by the method reported by Humber
etal!^ with minor modification, the hydrolysis of I produced the l,4-bicyclo[2.2.2]octyl-
2,5-dione dicarboxylic acid, II. The monomers. III and IV were synthesized by the
reduction of II and esterification of III, respectively. The isomers of III and IV were not
separated because isomeric mixtures of the precursor polymers to be prepared will result
in a decrease in the melting transitions.
Monomer Characterization
The compounds I, II and the monomers III and IV were characterized by melting
point, infrared, proton NMR, mass spectroscopy and elemental analysis. The infrared,
proton and carbon-13 NMR and mass spectra of I are presented in Figures 10, 11, 12
and 13, respectively. The infrared spectrum shows absorption peak at 2986
corresponding to the C-H stretch; the absorption peak at 2895 indicates the methylene (-
CH2-) stretch; the absorption peak at 1714 corresponds to the ring carbonyl (C=0,
cyclohexanone) stretch; and the absorption peak at 1745 cm‘^ corresponds to the ester
carbonyl (C=0, ester) stretch. The carbonyl absorption peaks are more intense and
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Figure 10. IR ^ectrum of l,4-bicyclo[2.2.2]octyl dione-2,5-dicarboxylate, I
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Figure 13. Mass spectrum of l,4-bicyclo[2.2.2]octyl dione-2,5-dicarboxylate, 1
stronger than the methylene absorption peak. The proton NMR shows chemical shift at
1.1 corresponds to the methyl (-CH3) groups; the chemical shifts at 2.2 and 2.5 corres¬
pond to the methylene (-CH2-) groups of the ring; the methylene groups of the ester
appear as a quartet centered at 3.0 ppm. The carbon-13 NMR spectrum of I shows a
chemical shift at 19.0 corresponding to the bridge methylene carbons and the chemical
shift at 26.5 corresponds to the ring methylene carbons of the bicyclo[2.2.2]octyl ring
system; the chemical shift at 62.2 corresponds to the quartenary carbons of the
bicyclo[2.2.2]octyl ring; the shift at 209.6 indicates the carbonyl carbons of the
bicyclo[2.2.2]octyl ring system; the chemical shift at 173.8 corresponds to the carbonyl
carbons of the ester and the chemical shift at 65.9 ppm corresponds to the ester
methylene. The mass spectrum (70eV) shows the molecular ion (m/z) peak at 282; the
base peak appears at 236; the peak at 209 represents the loss of 0=C0C2H5 (m-73)
groups; the presence of a peak at 136 indicates the loss of two moles of 0=C0C2H5 (m-
20=C0C2H5).
The infrared, proton and carbon-13 NMR spectra of II are presented in Figures
14, 15 and 16, respectively. The infrared spectrum shows a broad, intense 0-H
stretching absorption in the region of 3300-2500 centered at 3000; weaker methine (C-
H) and methylene (-CH2-) stretching bands are superimposed upon the broad 0-H band
at 2975 and 2863, respectively; the strong and intense absorption peaks at 1695 and at
1720 cm'* correspond to the ring carbonyl (C=0, cyclohexanone) and the acid carbonyl
(C=0, acid) stretches, respectively. The proton NMR spectrum of II exhibits chemical
27
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Figure 14. IR spectrum of l,4-bicyclo[2.2.2Joctyl-2,5-dione dicarboxylic acid, II
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Figure IS. ‘ H NMR spectrum of l,4-bicyclo[2.2.2]octyl-2,5-dione dicarboxylic acid, II,
in methanoI-c4
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Figure 16. NMR spectrum of l,4-bicyclo[2.2.2]octyl-2,5-dione dicarboxylic acid, II,
in methylsulfoxide-if(5
shifts at 2.0-3.2 ppm corresponding to the ring methylene (-CH2-) protons chemical
shifts; the acid protons (COOH) are off" scan and are not detected (due to ^H-D
exchange). The carbon-13 NMR spectrum of II shows a chemical shift at 19.2
corresponding to the bridge methylene carbons and the chemical shift at 29.0
corresponds to the ring methylene carbons of the bicyclo[2.2.2]octyl ring system; the
chemical shift at 62.1 corresponds to the quartenary carbons of the bicyclo[2.2.2]octyl
ring; the shift at 210.5 indicates the keto carbonyl carbons; the chemical shift at 175.5
ppm corresponds to the carbonyl carbons of the acid.
The infi'ared, proton and carbon-13 NMR spectra of III are presented in Figures
17,18 and 19, respectively. The infrared spectrum shows a broad O-H stretching
absorption peak at 3500-2500 centered at 3200; the methine stretching absorption band
appears at 2973 and methylene absorption band appears at 2865; these absorption bands
are weak and are overlapped by the broad O-H absorption band. The strong absorption
peak at 1703 cm'^ corresponds to the acid carbonyl (C=0) band. The proton NMR
spectrum shows chemical shifts at 1.5 and 1.9 corresponding to the methylene protons of
the bridge and the ring system, respectively; the chemical shift at 3.2 corresponds to the
methine protons of the ring system; the chemical shift at 4.2 corresponds to the two O-H
protons (20H); the acid protons (COOH) shift appears at 12.2 ppm. The carbon-13
NMR spectrum of III shows chemical shift at 24.3 corresponding to the bridge
methylene carbons and the chemical shift at 31.3 corresponds to the ring methylene
carbons of the bicyclo[2.2.2]octyl ring system; the chemical shift at 37.6 corresponds to
31
Figure 17. IR spectrum of l,4-bicyclo[2.2.2]octyl-2,5-diol dicarboxylic acid, III
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Figure 19. '^C NMR spectrum of l,4-bicyclo[2.2.2Jocty)-2,5-diol dicarboxylic acid, III,
in methylsulfoxide-i/d
the quartenary carbons of the bicyclo[2.2.2]octyl ring; the shift at 73.3 indicates the
methine carbons of the bicyclo[2.2.2]octyl ring system; the chemical shift at 182.3 ppm
corresponds to the carbonyl carbons of the acid.
The infrared, proton and carbon-13 NMR, and mass spectra of IV are presented
in Figures 20, 21, 22 and 23, respectively. The infrared spectrum exhibits a broad
stretching absorption band at 3500-2765 corresponding to the acid 0-H stretch; the 0-H
stretch is narrower and less prominent in IV than in III; weak stretching absorption
bands corresponding to the C-H (2985) stretch and methylene (2893) stretch are
overlapped by the broad O-H stretch; the stretching absorption peak at 1828
corresponds to the carbonyl (C=0) stretch of acetic anhydride residue; the absorption
peak at 1742 corresponds to the ester carbonyl (C=0) stretch; the absorption peak at
1712 cm'^ corresponds to the acid carbonyl (C=0) stretch; the ester carbonyl absorption
peak is more prominent than the acid carbonyl absorption peak. The proton NMR
spectrum shows a chemical shift at 1.8 corresponding to the methyl (-CH3) groups of the
ester; the shifts at 1.9 and 2.4 indicate the methylene group protons of the ring and
bridge, respectively; the shift at 3.4 ppm corresponds to the methine proton of the ring
system. The carbon-13 NMR spectrum of IV shows a chemical shift at 25.8
corresponding to the bridge methylene carbons and the chemical shift at 31.3
corresponds to the ring methylene carbons of the bicyclo[2.2.2]octyl ring system; the
chemical shift at 41.5 corresponds to the quartenary carbons of the bicyclo[2.2.2]octyl
ring; the chemical shift at 75.4 indicates the methine carbons of the bicyclo[2.2.2]octyl
ring system; the chemical shift at 174.6 corresponds to the carbonyl carbons of the ester;
35
the chemical shift at 180.1 corresponds to the carbonyl carbons of the acid and the
chemical shift at 24.8 ppm corresponds to the ester methyl carbons. The mass spectrum
(70eV) exhibits the molecular ion (m/z) peak at 314 (m^); a base peak at 181; the peak at
196 represents the loss of two moles of 0=C0CH3 (m-118, lost of 2OCOCH3); the
presence of a peak at 224 indicates the loss of two moles of 0=C0H (m-90, lost of
20=C0H); the appearance of a peak at 106 shows the loss of two moles of 0=COCH3
and two moles of 0==C0H (m-208).
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Figure 20. IR spectrum of l,4-bicyclo[2.2,2]octyl-2,5 cliethanoate dicarboxylic acid, IV
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Figure 21. 'H NMR spectrum of l,4-bicyclo[2.2.2]octyl-2,5-diethanoate dicarboxylic
acid, IV, in methanol-c^
(CDj) zSO
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Figure 22. ’^C NMR spectrum of l,4-bicycIo[2.2.2]octyl-2,5-diellianoale dicarboxylic
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Fieure 23 Mass spectrum of l,4-bicyclo[2.2,2Joctyl-2,5-dielhanoate dicaboxylic acid, IV
Polymers
The synthetic route leading to the processable precursor polymers,
poly[(biphenyl[3,4-i/:3’,4’-<f]bisoxaole-2,5-diyI)]-2,5-dihydroxyl-l,4-
bicyclo[2.2.2]octylene, Ai, and poly[(biphenyl[3,4-fi?;3’,4’-if]bisoxazole-2,6-diyl)]-2,5-
diethanoate-l,4-bicyclo[2.2.2]octylene, A2, is presented in Scheme 2. The synthetic
route leading to the processable precursor polymers, poly[(2,2’-dibenzo-
hexafluoropropyl [3,4-i/: 3 ’ ,4 ’-if ]bisoxazole-2,6-diyl)] -2,5 -dihydroxyl-1,4-
bicyclo[2.2.2]octylene, Bi, and poly[(2,2’-dibenzo-hexafluoropropyl[3,4-i/:3’,4’-
if]bisoxazole-2,6-diyl)]-2,5-diethanoate-l,4-bicyclo[2.2.2]octylene, B2, is presented in
Scheme 3.
The syntheses of the precursor polymers were designed to liberate water as the
by-product. The percentage conversions of the polymers were based on the total weight
of the monomers used. The precursor polymers were prepared by the high temperature
polycondensation of the monomers in poly(phosphoric acid), PPA. Poly(phosphoric
acid) was used as a reaction medium and a condensing agent. The precursor polymers
were heated stepwise: initially to form polymer linkages with loss of water and at higher
temperatures (ca. 185-200°) to cause cyclization with the further elimination ofwater.
Polymer Characterization
The precursor polymers were characterized by solubility, solution viscometry,
elemental analysis, and infrared, proton and carbon-13 NMR spectroscopy. Thermal
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Scheme 2. Synthetic route to precursor polymers Ai and A2
R = OH, Ai
R = OCOCH3, A2
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Scheme 3. Synthetic route to precursor polymers Bi and B2
+ 4H2O
R = OCOCH3, B2
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analysis data were obtained by differential scanning calorimeter (DSC),
thermogravimetric analysis (TGA), and polarizing optical microscopy.
(i) Structural Characterization
The elemental analysis data of precursor polymers Ai, Aa, Bi and Ba are
presented in Table 1.
Table 1. Elemental Analysis Data ofPrecursor Polymers Ai, Aa, Bi and Ba
% Calculated % Found
precursor
polymer
C H N F C H N F
Ai 70.58 4.85 7.48 - 68.85 4.62 7.03 -
Aa 68.11 4.84 6.11 - 67.15 4.30 5.95 -
Bi 57.26 3.43 5.34 21.74 58.80 3.38 4.86 20.81
Ba 57.24 3.64 4.60 18.73 58.29 3.68 3.95 17.97
Infrared spectrum of precursor polymer Ai shows a medium broad stretching
absorption band at 3400 corresponding to 0-H stretch; a weak peak at 3065 indicates
aromatic-hydrogen (Ar-H) stretch; a medium stretching absorption peak at 2926
corresponds to methine hydrogen (C-H) stretch and a weak absorption peak at 2873
corresponds to the methylene (-CHa-) stretch which are overlapped by the 0-H band;
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and a medium stretching absorption band at 1610 cm’* corresponds to the aromatic ring
carbon-carbon stretch (Figure 24). The infrared absorption peak assignments are
summarized in Table 2.
Table 2. Infrared Absorption Peak Assignments for the Precursor Polymers
Functionality Energy /cm’* Assignments Remarks
01 3600-3400 “ -OH stretch broad “
3500*’ sharp *’
c=o 1654'^ carbonyl stretch medium ‘
1658 “* strong ^
Ar-H 3100-3000 Ar-H stretch weak
-CH2-, -CH 2800-2900 -CH and -CH2- overlap weak
C=C 1610 aromatic ring C=C stretch strong
-c-o-c- 1247 C-O-C stretching and bending strong
-C=N- 1500-1471 C=N Stretch weak *’
strong “*
a = polymer Ai; b = polymer Bi; c = polymer A2; d = polymer B2
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Figure 24. IR spectrum of precursor polymer Ai
The proton NMR spectrum of the precursor polymer Ai shows a chemical shift at
2.1 corresponding to the ring methylene (-CH2) groups; a chemical shift at 3.5 indicates
the ring methine (CH) proton; a shift at 4.2 corresponds to the 0-H protons; and the
shifts at 7.2-8.0 ppm correspond to the aromatic protons (Figure 25).
The carbon-13 NMR spectrum of precursor polymer Ai exhibits chemical shifts
at 25.1 corresponding to the bridge methylene carbons and at 30.2 corresponding to the
ring methylene carbons of the bicyclo[2.2.2]octyl ring system; the methine carbons of the
bicyclo[2.2.2]octyl ring system show a chemical shift at 67.8; the peak at 20.5
corresponds to the quartenary carbon atoms of the bicyclo[2.2.2]octyl ring system; the
shifts at 111.9, 120.1 and 128.2 correspond to the unsubstituted aromatic carbon atoms;
the shift at 140.3 indicates the equivalent substituted aromatic carbon atoms; the medium
chemical shift at 150.9 ppm indicates the vinylene carbons bonded to nitrogen (Figure
26). The simulated and the experimental ‘^C-NMR chemical shifts of precursor polymer
Ai are summarized in Table 3.
The infrared spectrum of the precursor polymer A2 shows a sharp stretching
absorption band at 3409 corresponding to the carbonyl overtone and combination band;
a weak absorption peak at 3100 corresponds to the aromatic ring hydrogen (Ar-H)
stretch; the methylene (-CH2) absorption band at 2895 is weak and is superimposed upon
the aromatic ring hydrogen band; a stretching absorption band at 1653 indicates the
carbonyl (C=0) stretch; the peak at 1605 is the aromatic ring carbon-carbon bond (ArC-
C) stretch; the ester carbon-oxygen-carbon (C-O-C) absorption peak appears at
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Fitiure 26. Solid state '^C NMJl. spectrum of precursor polymer Ai
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Table 3. NMR chemical Shift Assignments (ppm) for Precursor Polymers Ai and A2
R = OH; OCCH3’ 16
Carbon Number Simulated Experimental
Ai Ag
1,4 69.1 67.8 70.0
2,5 31.0 30.2 34.5
3,6 21.0 20.5 19.6
7,8 23.6 25.1 25.5
9 152.6 150.9 150.3
10 138.6 140.3 139.4
11 149.9 148.1 146.1
12, 14, 15 126.1 128.2 125.6
13 132.6 130.0 132.9
16 171.0 - 170.9
17 17.6 - 20.1
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1200 cm'* (Figure 27). The stretching absorption bands of precursor polymer A2 are
summarized in Table 2.
The proton NMR spectrum of precursor polymer A2 is presented in Figure 28.
The spectrum shows a chemical shift at 2.1 corresponding to the ester methyl (-CH3)
protons; the chemical shifts at 2.4 indicates the methylene (-CH2-) protons of the
bicyclo[2.2.2]octyl ring; a chemical shift at 3.0 corresponds to the methine protons of the
bicyclo[2.2.2]octyl ring; the shifts at 7.0-8.2 ppm correspond to the aromatic protons.
The carbon-13 NMR spectrum of precursor polymer A2 shows chemical shifts at
25.5 indicating the bridge methylene carbons and at 34.5 ppm indicating the ring
methylene (-CH2-) carbons of the bicyclo[2.2.2]octyl ring. The methine carbons of the
ester in the bicyclo[2.2.2]octyl ring show a chemical shift at 70.0; the chemical shift at
19.6 corresponds to the quaternary carbon of the bicyclo[2.2.2]octyl ring system. The
chemical shifts at 110.1, 119.0 and 125.6 correspond to the unsubstituted aromatic
carbon atoms; the peak at 132.9 indicates the biphenyl bonded carbon atoms; the peak at
146.1 corresponds to the equivalent substituted aromatic carbons; the chemical shift at
150.3 indicates the vinylene carbon atom bonded to nitrogen; and the chemical shift at
170.2 ppm corresponds to the carbonyl carbon atom (Figure 29). The experimental and
the simulated carbon-13 chemical shifts assignments for precursor polymer A2 are
represented in Table 3.
The infrared spectrum of the precursor polymer Bi shows a medium broad
absorption band at 3400 corresponding to 0-H stretch; a weak absorption at 3020
51
J'lRiire 27. JR spectrum of precursor polymer A2
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Figure 29. Solid state '^C NMR spectrum ofprecursor polymer A2
indicates the aromatic ring hydrogen (Ar-H) stretch and a methylene stretching
absorption band at 2940 is overlapped by the 0-H band. The peak at 1617 corresponds
to the aromatic carbon-carbon bond band; the strong peaks at 1209 and 1225 cm‘^
indicate the 0-H bend (Figure 30). The infrared absorption peak assignments are
summarized in Table 2.
The proton NMR spectrum of precursor polymer Bi indicates chemical shifts at
2.1 and 2.5 corresponding to the methylene (-CH2-) groups of the bicyclo[2.2.2]octyl
ring; the chemical shift at 2.9 corresponds to the methine protons of the
bicyclo[2.2.2]octyl ring; the shift at 4.0 indicates the 0-H protons; the aromatic protons
appear at chemical shifts 8.6-7.1 ppm (Figure 31).
The carbon-13 NMR spectrum of the precursor polymer Bi is presented in Figure
32. The spectrum shows chemical shifts at 22.1 indicating the bridge methylene carbon
atoms and at 31.6 corresponding to the ring methylene carbons of the bicyclo[2.2.2]octyl
ring system; the methine carbon atoms of the bicyclo[2.2.2]octyl ring exhibits a chemical
shift at 68.0; the chemical shift at 18.2 indicates the quaternary carbon atoms of the
bicyclo[2.2.2]octyl ring system; the chemical shift at 128.0 indicates the unsubstituted
aromatic carbons; a chemical shift appears at 151.2 corresponds to the vinylene carbon
atom bonded to nitrogen; the quaternary carbon of the hexafluoropropyl carbons exhibits
a chemical shift at 57.9 and the chemical shift at 109.3 ppm corresponds to the carbon
atom bonded to three fluorine atoms. The carbon-13 chemical shift assignments (ppm)
for Bi are presented in Table 4.
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FiKure 30. IR spectrum ofprecursor polymer B
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Fiuure 32. Solid state "C NMR spectrum of precursor polymer B,
Table 4. NMR Chemical Shift Assignments (ppm) for Precursor Polymers Bi and B2
Qi9
R = OH; OCCH3
18
Carbon Number Simulated Experimental
Bi B2
1,4 69.6 68.0 65.1
2,5 30.9 31.6 32.1
3,6 19.9 18.2 17.5
7,8 23.6 22.1 23.4
9 152.6 151.2 149.5
10 139.0 142.3 140.0
11 149.9 147.0 150.1
12, 14, 15 122.1 128.0 126.1
13 133.7 130.1 131.0
16 59.9 57.9 57.8
17 109.3 104.4 113.0
18 171.0 - 170.9
19 17.8 - 19.9
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The infrared spectrum of the precursor polymer B2 shows a sharp absorption
peak at 3400 corresponding to the carbonyl overtone and the combination band; a
medium broad absorption band at 3095 corresponds to the aromatic hydrogen (Ar-H)
stretch; a methylene stretch at 2905 and an aliphatic hydrogen (C-H) stretch at 2873 are
overlapped; a stretching absorption band at 1658 corresponds to the ester carbonyl
(C=0, strong) peak; the peak at 1604 shows the aromatic carbon-carbon bond stretch;
the stretching absorption band at 1249 cm'* indicates the ester C-0 bend (Figure 33).
The infrared absorption peaks assignments are summarized in Table 2.
The carbon-13 NMR spectrum for precursor polymer B2 shows chemical shifts at
23.4 corresponding to the bridge methylene carbon atoms and at 32.1 corresponding to
the ring methylene carbon atoms of the bicyclo[2.2.2]octyl ring system; the methine
carbons in the bicyclo[2.2.2]octyl ring show a chemical shift at 65.1; the peak at 17.5
corresponds to the quaternary carbon of the bicyclo[2.2.2]octyl ring system; the chemical
shifts at 126.1 corresponds to the unsubstituted aromatic carbons; the peak at 150.1
indicates the substituted aromatic carbon atoms; the peak at 170 corresponds to the
carbonyl carbon atom; the peak at 57.8 corresponds the quaternary carbon of the
hexafluoropropyl carbon atom and the peak at 113 ppm corresponds to the carbon atom
bonded to three fluorine atoms (Figure 34). The carbon-13 NMR chemical shift
assignments are summarized in Table 4.
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Fitiure 34. Solid slate '^C NMR spectrum of precursor polymer B2
(ii) Thermal Characterization
The differential scanning calorimetry (DSC) thermograms of precursor polymer
Ai under nitrogen atmosphere and in air are presented in Figures 35 and 36, respectively.
Under nitrogen atmosphere, the DSC thermogram indicates a broad melting endotherm
at 275® and a softening temperature at 221” however, no glass transition temperature
(Tg) was observed. In air, a sharp melting endotherm is observed at 245® and a
softening transition occurs at 189®, no glass transition temperature (Tg) was observed.
Hot stage optical polarizing microscopy indicates the formation of a viscous brown melt
at approximately 273® upon shearing between glass slides. The fringes of the melt
showed evidence ofbirefringence.
The thermogravimetric analysis (TGA) thermograms of Ai under nitrogen
atmosphere and in air are presented in Figures 37 and 38, respectively. Under nitrogen
atmosphere, onset of decomposition occurs at 450® with a weight loss of 18% at 546®.
Precursor polymer Ai is stable up to 350® in air with a weight loss of ca. 21% at 490®.
The derivative thermogravimetric analysis (DTGA) thermograms shows that the
precursor polymer Ai degrades more rapidly in air than under nitrogen atmosphere.
The differential scanning calorimetry (DSC) thermograms of precursor polymer
A2 under nitrogen atmosphere and in air are shown in Figures 39 and 40, respectively.
Under nitrogen atmosphere, the DSC themogram shows a sharp melting endotherm at
approximately 260®, no softening temperature was observed and the onset of















Figure 35. DSC thermogram of precursor polymer Ai under nitrogen atmosphere
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Figure 37. 1GA thermogram of precursor polymer A| under in nitrogen atmosphere
















H'mure 38. TGA thermogram of precursor polymer Ai in air





Fifiure 40. DSC thermogram of precursor polymer Ai in air
DOSCmW/min
absence of melting endotherm. Onset of decomposition was observed at 290*’. A glass
transition temperature (Tg) was not observed under nitrogen or in air. Hot stage optical
microscopy shows no melting temperature.
The thermogravimetric analysis (TGA) thermograms of precursor polymer A2
under nitrogen atmosphere and in air are presented in Figures 41 and 42, respectively.
Under a nitrogen atmosphere, onset of decomposition occurs at 223° with a weight loss
of approximately 25% at ca. 323°. In air, the TGA thermogram of precursor polymer A2
shows an onset of decomposition at 231° and a weight loss of 24% at 277°.
The DSC thermograms of the precursor polymer Bi under nitrogen atmosphere
and in air are presented in Figures 43 and 44, respectively. Under a nitrogen
atmosphere, the DSC thermogram indicates a softening transition temperature at 169°, a
broad melting endotherm at 220° and a decomposition temperature at approximately
350°. In air, the DSC thermogram of Bi shows a softening transition at 164° and a
melting temperature at approximately 203°. The onset of decomposition temperature
was observed at approximately 320°. Hot stage optical polarizing microscopy shows the
formation of a viscous brown melt at approximately 219°. After shearing of the cover
slip, the crystal begins to glow in small red spot. The fringes of the melt showed
evidence ofbirefiingence.
Thermogravimetric analysis thermograms of precursor polymer Bi under a
nitrogen atmosphere and in air are presented in Figures 45 and 46, respectively. Under
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Figure 44. DSC thermogram of precursor polymer B| in air
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Figure 46. TGA thermogram of precursor polymer Bi in air
nitrogen atmosphere, the TGA thermogram of the precursor polymer Bi indicates that
the onset of decomposition temperature occurs at 323^’ with a weight loss of 21% at
approximately 500*’. In air, precursor polymer Bi was stable up to 315® with a weight
loss of 24% at approximately 425°.
The differential scanning calorimetry thermograms ofprecursor polymer B2 under
nitrogen atmosphere and in air are shown in Figures 47 and 48, respectively. Under a
nitrogen atmosphere, the DSC thermogram of B2 shows a sharp melting endotherm at
280°. A softening transition and a glass transition temperature (Tg) were not observed.
Onset of decomposition occurs at approximately 310°. In air, the precursor polymer B2
thermogram indicates a sharp melting temperature at 271° and an onset of decomposition
occurs at ca. 305°. A softening temperature and a glass transition temperature (Tg) were
not observed. Hot stage optical polarizing microscopy indicates the formation of a
viscous dark brown melt at 275°. The fringes of the melt showed evidence of
birefiingence.
The thermogravimetric analysis (TGA) thermogram of precursor polymer B2
under nitrogen atmosphere and in air are presented in Figures 49 and 50, respectively.
The TGA thermogram of B2 under nitrogen atmosphere indicates the onset of
decomposition temperature at 259° with a weight loss of 43% at approximately 300°.
Precursor pol5mier B2 is stable up to 230° in air with a weight loss of42% at 293°.
The precursor polymers containing the ester substituents (A2 and B2) have sharp
melting endotherms and do not show softening temperatures in differential scanning
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calorimeter (DSC). The precursor polymers containing the hydroxyl substituents (Ai
and Bi) show softening transitions and broad melting endotherms.
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Figure 48, DSC thermogram of precursor polymer B2 in air
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Figure 49. TGA thermogram of precursor polymer Ba under nitrogen atmosphere
















Figure 50. TGA thermogram of precursor polymer B2 in air
(iii) Solubility Properties
The solubility properties and inherent viscosity measurements of the precursor
polymers and heat treated polymers are presented in Table 5.
Table 5. Solubility Properties and Inherent Viscosity Measurements of the Polymers
Polymer T\inh.
g/dL
NMP DMF DMSO TMU DMAc
Ai 0.67* + + + + + - + +
A2 0.59*’ + - + - + - + -
Bi 0.74* + + + + + + + +
B2 0.61” + - + - + - + - + -
An
A21 — — — —
Bn
B21 — — —
a, viscosities measured in N-methyl pyrrolidione
b, viscosities measured in methane sulfonic acid
+ + = soluble, + - = partially soluble, - - = insoluble
An, A21, Bn and B21 are heat treated polymers of precursor polymers Ai, A2, Bi and B2,
respectively.
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The solubility data obtained at room temperature shows that precursor polymers
containing hydroxyl substituents (Ai and Bi) are generally soluble in N-methyl
pyrrolidione (NMP) and dimethylacetamide (DMAc). Precursor polymer Ai and A2 are
partially soluble in tetramethyl urea (TMU) and are insoluble in dimethylformamide
(DMF). Precursor polymers containing acetoyl substituents (A2 and B2) are partially
soluble in N-methyl pyrrolidione, dimethyl sulfoxide (DMSO), tetramethyl urea and
dimethylacetamide. The heat treated polymers are insoluble in NMP, DMF, DMSO,
TMU and DMAc and are soluble in sulfuric acid and methane sulfonic acid.
(iv) Aromatization ofPrecursor Polymers
The theoretical weight losses were calculated based on the loss of two moles of
HX ( X = OH or OOCCH3) and one mole of ethylene (CH2=CH2). Experimental
percentage weight losses were obtained from the thermogravimetric analysis (TGA)
thermograms. Table 6 shows the theoretical weight losses and the experimental weight
losses. The TGA thermograms (Figures 38, 42, 46 and 50) show the formation of more
stable compounds upon aromatization. Further heating results in the degradation of the
articulated aromatic PBOs.
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Table 6. Percentage Weight Losses Due to Aromatization
Precursor polymer Theoretical wt. loss % Experimental wt. loss %
N2(g) Air
Ai 17 18 @250® 18 @250®
A2 32 29 @ 320® 28 @ 320®
Bi 12 14@ 250® 13 @ 250®
B2 24 27 @ 320® 27 @ 320®
The Fourier transform infrared (FTIR) stack plot corresponding to the
aromatization of the precursor polymer Ai after heat treatment is presented in Figure 51.
The spectra show the disappearance of the 0-H absorption peak at 3436 cm'^ upon
heating at 250® for 60 min.
The FTIR stack plot of the precursor polymer A2 indicating the loss of the
acetoyl (OOCCH3) groups after heat treatment is presented in Figure 52. The loss of the
acetoyl (OOCCH3) groups absorption peak at 1654 cm'* occurs after heating at 320® for
60 min.
The FTIR stack plot of the precursor polymer Bi after heat treatment is shown
in Figure 53. The spectra show the disappearance of the 0-H absorption peak at 3400
cm'* upon heating at 250® for 60 min.
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The FTIR stack plot of precursor polymer B2 indicates the loss of the OOCCH3
groups after heat treatment (Figure 54). The loss of the OOCCH3 absorption peak at
1659 cm'* occurs after heating at 320® for 60 min.
heat treated at 250® and held for 60 min.
I
Figure 51. FTIR stack plot spectra ofprecursor polymer Ai
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heat treated at 250® and held for 60 min.
1753 cm
Figure 52. FTIR stack plot spectra ofprecursor polymer A2
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heat treated at 350° and held for 60 min.
heat treated at 350° and held for 30 min.
untreated
Figure 53. FTIR stack plot spectra of precursor polymer Bi
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heat treated at 350° and held for 60 min.
Figure 54. FTIR stack plot spectra of precursor polymer Bi
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CONCLUSION
A route to making processable precursor polymers to articulated poly(phenylene
benzobisoxazoles), PBOs, was achieved by making precursor polymers containing the
bicyclo[2.2.2]octane moiety substituted at the 2,5-positions with hydroxyl or acetoyl
groups. Subsequent conversions to the desired aromatic articulated poly(phenylene
benzobisoxazoles) was obtained by the bulk pyrolysis of the precursor polymers. Bulk
pyrolysis results in the transformation of the 2,5-disubstituted bicyclo[2.2.2]octyl ring to
the phenylene ring system with liberation of two moles of HX (X = OH, or OOCCH3)
and one mole of ethylene (CH2=CH2).
The precursor polymers were generally thermally stable up to approximately 350**
under nitrogen atmosphere and approximately 220® in air. The precursor polymers
containing the hydroxyl substituents exhibited greater thermal and thermooxidative
stability than the acetoyl substituted polymers.
Thermotropic behavior was observed for precursor polymers Ai, Bi and B2, and
precursor polymer A2 decomposed before melting. Up to precursor polymer
concentrations of 20% (weight to volume) in solvents, lyotropic fluid formation was not
observed.
The precursor polymers had inherent vicosities in N-methylpyrrolidione (NMP)
and methane sulfonic acid (MSA) at 30® in the range of 0.74-0.59 g/dL. The precursor
polymers containing both the hexafluoropropyl group and hydroxyl substituents were
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generally more soluble in NMP.
A logical extension of this work will be the study of the conversion of the
bicyclo[2.2.2]octyl ring system to phenylene ring system via thermogravimetric-mass
spectroscopy (TG-MS) in vacuo. Films and fibers could be made from lyotropic
solutions or from thermotropic melts. The films and fibers could be converted to more
stable aromatic polymers to give films and fibers with high performance properties.
The use of 2,5-disubstituted bicyclo[2.2.2]octane-1,4-dicarbonyl ring system as a
precursor to the phenylene ring system can be extended to prepare other intractable high
performance polymer systems such as, polyimides and polybenzamides.
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